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.2012.06.0Abstract In this paper, we have studied the combined effects of free convective heat and mass
transfer on an unsteady MHD dusty viscoelastic (Walters liquid model-B) ﬂuid ﬂow between a ver-
tical long wavy wall and a parallel ﬂat wall saturated with porous medium subject to the convective
boundary condition. The coupled partial differential equations are solved analytically using pertur-
bation technique. The velocity, temperature and concentration ﬁelds have been studied for various
combinations of physical parameters such as magnetic ﬁeld, heat absorption, thermal radiation,
radiation absorption, Biot number and chemical reaction parameters. The skin friction, Nusselt
number and Sherwood number are also presented and displayed graphically. Further, it is observed
that the velocity proﬁles of dusty ﬂuid are higher than the dust particles.
 2012 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
The ﬂow and heat transfer behavior of viscoelastic ﬂuid ﬂow
between parallel plates is of special interest in many engineer-
ing ﬁelds such as chemical process industries, food preserva-
tion, petroleum production and power engineering. In view
of these applications, the study of boundary layer behavior
has been channelized to visco-elastic ﬂuids. Beard and Walters
[1] had introduced the boundary layer treatment for an ideal-
ized visco-elastic ﬂuid. The heat transfer in the forced convec-6927966.
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05tion ﬂow of a visco-elastic ﬂuid of Walter model was
investigated by Rajagopal [2]. Some theoretical studies [3–6]
had analyzed the ﬂow and heat transfer characteristics of
Walters liquid model-B. The problem of MHD ﬂows has wide
range of applications in emerging ﬁelds due to an electro-
magnetic ﬁeld, are relevant to many practical applications in
geo-physical and astro-physical situations, the metallurgy
industry, cooling of continuous strips and ﬁlaments drawn
through a quiescent ﬂuid. Sarpakaya [7] was the ﬁrst who
had studied the MHD ﬂows in non-Newtonian ﬂuids. The
inﬂuence of magnetic ﬁeld on the electrically conducting ﬂuid
ﬂow was investigated in some studies [8–11]. Convective ﬂow
with simultaneous heat and mass transfer under the inﬂuence
of a magnetic ﬁeld and chemical reaction have attracted a con-
siderable attention of researchers because such process exist in
many branches of science and technology. In many chemical
engineering processes, there is the chemical reaction between
a foreign mass and the ﬂuid. These processes take place inier B.V. All rights reserved.
Nomenclature
X dimensional coordinate along the channel
Y dimensional coordinate perpendicular to the chan-
nel
U dimensional dusty ﬂuid velocity along X direction
V dimensional dust particles velocity along X direc-
tion
d dimensional width of the channel
t* dimensional time parameter
g gravitational acceleration
K0 dimensional Walters-B viscoelastic parameter
N0 number of density of the dust particles
K1 stokes resistance coefﬁcient
m mass per unit volume of the dust particles
K* dimensional porous permeability parameter
B0 strength of the magnetic ﬁeld
T dimensional temperature of the ﬂuid
T1, T2 wall temperatures
k thermal conductivity of the ﬂuid
QT dimensional heat absorption coefﬁcient
QC dimensional radiation absorption coefﬁcient
CP speciﬁc heat at constant pressure
CS concentration susceptibility
qr dimensional radiative heat ﬂux
Kk1w radiation absorption coefﬁcient at the wall
ebk1 Plank’s function
C dimensional concentration of the ﬂuid
C1, C2 wall concentrations
D molecular diffusivity
KR dimensional chemical reaction parameter
n* positive real constant
hf heat transfer coefﬁcient
Nu* dimensional Nusselt number
Sh* dimensional Sherwood number
E Walters-B viscoelastic parameter
w relaxation time parameter for particles
K permeability coefﬁcient of porous medium
Gr thermal Grashof number
Gc solutal Grashof number
M2 Hartmann number
Pr Prandtl number
F radiation parameter
Sc Schmidt number
Kr chemical reaction parameter
Bi Biot number
Nu Nusselt number
Sh Sherwood number
Greek symbols
q density
l dynamic viscosity
m kinematic viscosity
re electric conductivity of the ﬂuid
k1 frequency of thermal radiation
d mass concentration of dust particle
bT thermal expansion coefﬁcient
bC concentration expansion coefﬁcient
aT heat absorption parameter
aC radiation absorption parameter
k frequency parameter of the wavy wall
e amplitude parameter
e small positive constant (e 1)
sf dimensional shear stress of dusty ﬂuid
sp dimensional shear stress of dust particles
sf skin friction of the dusty ﬂuid
sp skin friction of the dust particles
Subscripts
f ﬂuid
p particle
94 R. Sivaraj, B. Rushi Kumarmany industrial applications such as food processing, manu-
facturing of ceramics, polymer production, drying, evapora-
tion at the surface of a water body and electric power
industry. The effect of chemical reaction on various problems
had been examined by [12–15].
The role of thermal radiation is of major importance in
engineering areas occurring at high temperatures and knowl-
edge of radiative heat transfer becomes very important in nu-
clear power plants, gas turbines and the various propulsion
devices for aircraft, missiles and space vehicles. In view of these
applications [16–20] had studied and reported the signiﬁcance
of thermal radiation. Flows through porous medium with heat
and mass transfer are seen in wide applications such as chem-
ical catalytic reactors, solar power collectors, insulation of nu-
clear reactors, ﬂuid ﬁlm lubrication and analysis of polymer in
chemical engineering. Representative studies in this area can
be found in [21–25]. The convective boundary condition is
more general and realistic especially with respect to several
engineering and industrial processes like transpiration cooling
process and material drying. In recent investigations, several
researchers [26–29] have shown interest in obtaining solutionsof boundary layer ﬂows over ﬂat surfaces with convective
boundary conditions. Previous studies of the ﬂows of heat
and mass transfer have focused mainly on a ﬂat wall or a reg-
ular channel. It is necessary to study the heat and mass transfer
in an irregular channel because irregular channels are present
in many applications. Fluid ﬂow over wavy boundaries may
be observed in several natural phenomena, viz., the generation
of wind waves on water, the formation of sedimentary ripples
in river channels and dunes in the desert. The analysis of such
ﬂows ﬁnds applications in different areas such as transpiration
cooling of reentry vehicles and rocket boosters, cross-hatching
on ablative surfaces and ﬁlm vaporization in combustion
chambers. In view of these applications [30–33] had analyzed
the ﬂuid ﬂow in wavy-walled channels.
Motivated by the above mentioned investigations and
applications, in this paper, we investigate the heat and mass
transfer problem with convective boundary condition for the
MHD, chemically reacting, dusty viscoelastic ﬂuid ﬂow in an
irregular porous channel with the presence of heat sink,
thermal radiation and radiation absorption. The perturbation
method is used to solve this problem and the effects of
Chemically reacting dusty viscoelastic ﬂuid ﬂow in an irregular channel with convective boundary 95pertinent parameters entering into the problem on velocity,
temperature, concentration, skin friction, Nusselt number
and Sherwood number distributions have been discussed in de-
tail. The organization of the paper is as follows: Problem is
formulated in Section 2. Section 3 includes the solutions for
the problem by using perturbation method. Numerical results
and discussion are given in Section 4. The conclusions have
been summarized in Section 5.
2. Mathematical formulation
We consider a two-dimensional, unsteady ﬂow and free con-
vection heat and mass transfer of an electrically conducting,
incompressible viscoelastic (Walters liquid-B model) ﬂuid be-
tween a vertical long wavy wall and a parallel ﬂat wall satu-
rated with porous medium placed in the plane Y= 0 of a
coordinate system as shown in Fig. 1.
The X-axis is taken in the direction along the channel which
is set in motion and the Y-axis is taken perpendicular to it. The
ﬂow ﬁeld is exposed to the inﬂuence of an external transversely
applied uniformmagnetic ﬁeld of strengthB0, thermal andmass
buoyancy effects, heat absorption, thermal radiation, radiation
absorption and ﬁrst order chemically reactive species. The wavy
wall (Y= e*cos(K2X)) maintains a temperature Tw1 which
represents the convective boundary condition k @T
@Y
¼ hf
T1  Tþ ðT2  T1Þeentð Þ and concentration Cw1 ¼ C1þ
ðC2  C1Þeent , respectively. The ﬂat wall (Y= d) maintains
a temperature Tw2 which represents the convective boundary
condition k @T
@Y
¼ hf T2  Tþ ðT2  T1Þeentð Þ and concen-
tration Cw2 ¼ C2 þ ðC2  C1Þeent , respectively. It is assumed
that the convective heat exchange with the wall temperatures at
the channel surface follows Newton’s law of cooling. Rest of
properties of the ﬂuid are assumed to be constant. Taking into
consideration of these assumptions, the equations that describe
the physical situation can be written in Cartesian frame of ref-
erences, as follows:
@U
@t
¼ m 1 K0 @
@t
 
@2U
@Y2
þ K1N0
q
ðVUÞ  m
K
U
 reB
2
0
q
Uþ gbTðT T1Þ þ gbCðC C1Þ ð1Þ
m
@V
@t
¼ K1ðU VÞ ð2ÞFigure 1 Flow geometry of the problem.@T
@t
¼ k
qCP
@2T
@Y2
 QT
qCP
ðT T1Þ  1qCP
@qr
@Y
þ QC
qCP
ðC C1Þ
ð3Þ
@C
@t
¼ D @
2C
@Y2
 KRðC C1Þ ð4Þ
The appropriate initial and boundary conditions of the
problem are
t ¼ 0 : U ¼ 0 ¼ V;T ¼ T1;C ¼ C1 for Y 2 ð cosðK2XÞ; dÞ
ð5Þ
t > 0 : U ¼ 0 ¼ V;k @T
@Y
¼ hf T1  Tþ ðT2  T1Þeent
 
;
C ¼ C1 þ ðC2  C1Þeent at Y ¼  cosðK2XÞ ð6ÞU ¼ 0 ¼ V;k @T
@Y
¼ hf T2  Tþ ðT2  T1Þeent
 
;
C ¼ C2 þ ðC2  C1Þeent at Y ¼ d ð7Þ
The radiative heat ﬂux (Cogley et al. [34]) is given by
@qr
@Y
¼ 4ðT1  TÞI0; I0 ¼
Z 1
0
Kk1w
@ebk1
@T
dk1 ð8Þ
Introducing the following non-dimensional quantities
x ¼ X
d
; y ¼ Y
d
; u ¼ U
U0
; v ¼ V
U0
; h ¼ T T1
T2  T1 ;
/ ¼ C C1
C2  C1 ; t ¼
mt
d2
; n ¼ n
d2
m
; E ¼ K0m
d2
;
d ¼ mN0
q
; w ¼ mm
K1d
2
; M2 ¼ reB
2
0d
2
l
;
1
K
¼ d
2
K
;
Gr ¼ gbTðT2  T1Þd
2
mU0
; Gc ¼ gbCðC2  C1Þd
2
mU0
;
Pr ¼ lCP
k
; aT ¼ QTd
2
k
; F ¼ 4I
0d2
k
; aC ¼ QCðC2  C1Þd
2
kðT2  T1Þ ;
Sc ¼ m
D
; Bi ¼ hfd
k
; Kr ¼ KRd
2
m
; k ¼ K2d;  ¼ 

d
;
h ¼  cosðkxÞ ð9Þ
In view of Eq. (9), the basic ﬁeld of Eqs. (1)–(4) can be ex-
pressed in non-dimensional form as
@u
@t
¼ 1 E @
@t
 
@2u
@y2
þ d
w
ðv uÞ
 M2 þ 1
K
 
uþ Grhþ Gc/ ð10Þ
w
@v
@t
¼ v u ð11Þ
Pr
@h
@t
¼ @
2h
@y2
 ðaT þ FÞhþ aC/ ð12Þ
Sc
@/
@t
¼ @
2/
@y2
 KrSc/ ð13Þ
The corresponding initial and boundary conditions (5)-(7)
in dimensionless form are
96 R. Sivaraj, B. Rushi Kumart¼ 0 : u¼ 0¼ v; h¼ 0; /¼ 0 for y2 ðh;1Þ ð14Þ
t> 0 : u¼ 0¼ v; h0 ¼Biðh eentÞ; /¼ eent at y¼ h ð15Þ
u¼ 0¼ v; h0 ¼Biðh1 eentÞ; /¼ 1þ eent at y¼ 1 ð16Þ0 0.2 0.4 0.6 0.8 1
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Figure 2 Velocity proﬁles for different values of M.
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Figure 3 Velocity proﬁles for different values of K.3. Method of solution
Eqs. (10)–(13) represent a set of partial differential equations
that cannot be solved in closed-form. However, these equa-
tions can be solved analytically after reducing them according
to Prakash et al. [4] as a set of ordinary differential equations
in dimensionless form. Thus, we can represent the velocity (u),
temperature (h) and concentration (/) in terms of power of e
(e 1) as follows:
uðy; tÞ ¼ u0ðyÞ þ eentu1ðy; tÞ þ oðe2Þ ð17Þ
vðy; tÞ ¼ v0ðyÞ þ eentv1ðy; tÞ þ oðe2Þ ð18Þ
hðy; tÞ ¼ h0ðyÞ þ eenth1ðy; tÞ þ oðe2Þ ð19Þ
/ðy; tÞ ¼ /0ðyÞ þ eent/1ðy; tÞ þ oðe2Þ ð20Þ
Substituting the above expressions in Eqs. (17)–(20) into
Eqs. (10)–(16), equating harmonic and non-harmonic terms
and neglecting the higher-order terms of o(e2), we get the fol-
lowing set of equations
u000 Nu0 ¼ ðGrh0 þ Gc/0Þ ð21Þ
ð1þ nEÞu001  ðN nÞu1 ¼ ðGrh1 þ Gc/1Þ ð22Þ
h000  ðaT þ FÞh0 ¼ aC/0 ð23Þ
h001  ðaT þ F nPrÞh1 ¼ aC/1 ð24Þ
/000  KrSc/0 ¼ 0 ð25Þ
/001  ðKr  nÞSc/1 ¼ 0 ð26Þ
The appropriate boundary conditions become
u0 ¼ 0 ¼ v0; h00 ¼ Bih0; /0 ¼ 0; u1 ¼ 0 ¼ v1;
h01 ¼ Biðh1  1Þ; /1 ¼ 1 at y ¼ h ð27Þ
u0 ¼ 0 ¼ v0; h00 ¼ Biðh0  1Þ; /0 ¼ 1; u1 ¼ 0 ¼ v1;
h01 ¼ Biðh1  1Þ; /1 ¼ 1 at y ¼ 1 ð28Þ
Eqs. (21)–(28) are solved and the solution for dusty ﬂuid
velocity, dust particles velocity, temperature and concentration
are given as follows:
uðy;tÞ¼ A7eb1yþA8eb2yþA9eb3yþA10eb4yþA11eb5yþA12eb6y
 
þ eent A19eb7yþA20eb8yþA21eb9yþA22eb10y

þA23eb11yþA24eb12y
 ð29Þ
vðy; tÞ¼ A7eb1yþA8eb2yþA9eb3yþA10eb4yþA11eb5yþA12eb6y
 
þ ee
nt
1nw A19e
b7yþA20eb8yþA21eb9yþA22eb10y

þA23eb11yþA24eb12y
 ð30Þ
hðy; tÞ ¼ A3eb1y þ A4eb2y þ A5eb3y þ A6eb4y
 
þ eent A15eb7y þ A16eb8y þ A17eb9y þ A18eb10y
  ð31Þ
/ðy; tÞ ¼ A1eb1y þ A2eb2y
 þ eent A13eb7y þ A14eb8y  ð32Þ
The shear stress for dusty ﬂuid and dust particles, coefﬁ-
cient of rate of heat and mass transfer at any point in the ﬂuid
can be characterized in order bysf ¼ lU0; sp ¼ lV0; Nu ¼ kT0; Sh ¼ DC0 ð33Þ
In dimensionless form
sf ¼
sf d
lU0
¼ u0; sp ¼
spd
lU0
¼ v0; Nu ¼ Nu
d
kðT1  T0Þ ¼ h
0;
Sh ¼ Sh
d
DðC1  C0Þ ¼ /
0 ð34Þ
The skin friction (s), the Nusselt number (Nu) and the Sher-
wood number (Sh) at the wavy wall y= h and the ﬂat wall
y= 1 are given by
sf0 ¼ u0jy¼h; sf1 ¼ u0jy¼1 ð35Þ
sp0 ¼ v0jy¼h; sp1 ¼ v0jy¼1 ð36Þ
Nu0 ¼ h0jy¼h; Nu1 ¼ h0jy¼1 ð37Þ
Sh0 ¼ /0jy¼h; Sh1 ¼ /0jy¼1 ð38Þ4. Results and discussion
Numerical evaluation for the analytical solutions of this prob-
lem is performed and the results are illustrated graphically in
Figs. 2–19 to show the interesting features of signiﬁcant phys-
ical parameters on the velocity, temperature, concentration,
skin friction, Nusselt number and Sherwood number distribu-
tions. Throughout the computations we employ k= 2p,
e= 0.02, t= 1, E= 1, w= 10, K= 2, Gr = 2, Gc = 1,
M= 2, Pr = 0.71, aT = 1, F= 2, aC = 2, Bi = 0.1,
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Figure 5 Velocity proﬁles for different values of Gc.
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Figure 11 Temperature proﬁles for different values of aC.
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Figure 8 Velocity proﬁles for different values of Kr.
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Figure 10 Temperature proﬁles for different values of F.
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Figure 6 Velocity proﬁles for different values of F.
0 0.2 0.4 0.6 0.8 1
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
α
T
 = 0, 1, 2, 3 
θ
y
Figure 9 Temperature proﬁles for different values of aT.
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Figure 7 Velocity proﬁles for different values of Bi.
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Figure 4 Velocity proﬁles for different values of Gr.
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Figure 12 Temperature proﬁles for different values of Bi.
0 0.2 0.4 0.6 0.8 1
0
0.2
0.4
0.6
0.8
1
Kr = 0, 1, 2, 3 
φ
y
Figure 13 Concentration proﬁles for different values of Kr.
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Figure 14 Concentration proﬁles for different values of Sc.
0 1 2 3 4 5 6
−0.2595
−0.259
−0.2585
−0.258
−0.2575
−0.257
−0.2565
E = 0, 2, 5, 10 
τp0
τ f0 f p
τ
λ
Figure 15 Skin friction proﬁles for different values of E at the
wavy wall.
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Figure 16 Skin friction proﬁles for different values of E at the
ﬂat wall.
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Figure 17 Nusselt number proﬁles for different values of F.
98 R. Sivaraj, B. Rushi KumarSc = 0.96 and Kr = 2 unless otherwise stated. Figs. 2–8 pres-
ent the effect of M, K, Gr, Gc, F, Bi and Kr on the velocity dis-
tributions of dusty ﬂuid and dust particles, respectively. Fig. 2
shows that the application of a magnetic ﬁeld normal to the
ﬂow direction has the tendency to slow down the movement
of the dusty ﬂuid and dust particles in the channel because it
gives rise to a resistive force, called the Lorentz force which
acts opposite to the ﬂow direction. It is clear from Fig. 3 that
an increase in porosity parameter leads to enhance the velocity
proﬁles because it reduces the drag force. Figs. 4 and 5 illus-
trate the inclusion of the buoyancy effects. The presence of
the buoyancy effects complicate the problem, by coupling ofthe ﬂow problem with thermal and mass problem. The pres-
ence of both thermal and solutal Grashof numbers enhances
the velocity of the dusty ﬂuid and dust particles which is taking
place through the application of a pressure gradient. Figs. 6
and 7 elucidate that the velocity proﬁles notably decrease for
the higher values of thermal radiation parameter and Biot
number. Fig. 8 represents that increasing the chemical reaction
parameter decreases the velocity of both dusty ﬂuid and dust
particles. We can clearly see the effect of wavy wall on the
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Figure 18 Nusselt number proﬁles for different values of Bi.
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Figure 19 Sherwood number proﬁles for different values of Sc.
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decrease in the velocity proﬁles near to the wavy wall is pro-
portional to the amplitude of the wavy wall and depends on
frequency parameter and length of the wavy wall. Figs. 9–12
are plotted to show the inﬂuence of aT, F, aC and Bi on temper-
ature distribution, respectively. Fig. 9 illustrates that the heat
absorption parameter has tendency to decrease the thermal
buoyancy effects which decrease the heat transfer. Fig. 10 rep-
resents that an increase in the radiation parameter decreases
the temperature distribution because large values of radiation
parameter enhance the conduction over radiation, therebyTable 1 Effect of Pr, F, aC and Bi on sf0, sp0, sf1, sp1, Nu0 and Nu1
Physical parameters Values sf0 sp0
Pr 0.0 0.2554 0.2356
5.0 0.2581 0.2328
10.0 0.2665 0.2244
F 0.0 0.6315 0.6263
2.0 0.2573 0.2551
4.0 0.1846 0.1829
aC 0.0 0.0666 0.0657
2.0 0.2573 0.2551
4.0 0.4480 0.4445
Bi 0.0 0.2772 0.2749
0.1 0.2573 0.2551
0.2 0.2370 0.2348which decreases the thickness of the thermal boundary layer.
Fig. 11 shows that an increase in the radiation absorption
parameter is seemed to increase the heat transfer. Fig. 12 elu-
cidates the inﬂuence of the Biot number on the temperature
proﬁles. The Biot number (Bi) is the ratio of the internal ther-
mal resistance of the channel to the boundary layer thermal
resistance. When Bi = 0 (i.e. without Biot number) the inside
of the channel with hot ﬂuid is totally insulated, the internal
thermal resistance of the channel is extremely high and no con-
vective heat transfer to the cold ﬂuid on the outside of the
channel takes place. Moreover, it is noted that the ﬂuid tem-
perature of the channel decreases for increasing the Biot num-
ber, since as Bi increases, the thermal resistance of the channel
decreases and convective heat transfer to the ﬂuid increases. It
is expected that as the Biot number goes to inﬁnity, the convec-
tive boundary conditions will become the prescribed wall tem-
perature case [29]. It is observed from the Fig. 13 that we
obtain a destructive type chemical reaction because the con-
centration decreases for increasing the chemical reaction
parameter which indicates that the diffusion rates can be chan-
ged by the chemical reaction parameter. Fig. 14 elucidates that
an increase in Schmidt number increases the conduction which
decreases the mass transfer. Figs. 15 and 16 present the varia-
tions of skin friction co-efﬁcient against the frequency of the
wavy wall for various values of viscoelastic parameter with
dusty ﬂuid and dust particles at the wavy wall and ﬂat wall,
respectively. The magnitude of skin friction at the wavy wall
increases with an increase of viscoelastic parameter for dusty
ﬂuid but this trend is reversed for the dust particles which is
plotted in Fig. 15. It is noticed from Fig. 16 that the value of
shear stress decreases for increasing the viscoelastic parameter
at the ﬂat wall for dusty ﬂuid but the trend is reversed for the
dust particles. The Nusselt number with respect to the heat
absorption parameter for various values of F and Bi are graph-
ically displayed in Figs. 17 and 18, respectively. Fig. 17 shows
that an increase in the radiation parameter increases the rate of
heat transfer at both the walls. It is observed from Fig. 18 that
an increase in Biot number diminishes the rate of heat transfer
at the wavy wall y= h while it reverses the effect at the ﬂat
wall y= 1. Fig. 19 is plotted to show the inﬂuence of Sher-
wood number against the chemical reaction parameter for var-
ious values of Sc. An increase in the Schmidt number increases
the rate of mass transfer at y= h but the opposite effect is
observed at y= 1. Table 1 illustrates the variations of skin.
sf1 sp1 Nu0 Nu1
0.4025 0.3829 0.0216 0.0713
0.4053 0.3801 0.0221 0.0708
0.4140 0.3714 0.0236 0.0692
0.8387 0.8334 0.0694 0.0139
0.4434 0.4412 0.0202 0.0697
0.3636 0.3619 0.0108 0.0812
0.2020 0.2012 0.0024 0.1067
0.4434 0.4412 0.0202 0.0697
0.6847 0.6812 0.0427 0.0327
0.4690 0.4668 0.0000 0.0000
0.4434 0.4412 0.0202 0.0697
0.4155 0.4133 0.0350 0.1500
100 R. Sivaraj, B. Rushi Kumarfriction and Nusselt number distributions at the walls y= h
and y= 1 for different values of Pr, F, aC and Bi.
5. Conclusions
Analytical solutions are obtained for the chemically reacting
dusty viscoelastic ﬂuid ﬂow in an irregular channel in the pres-
ence of MHD, heat absorption, thermal radiation and radia-
tion absorption subject to the convective boundary
condition. The perturbation method is used to solve the prob-
lem and the results are evaluated numerically and displayed
graphically. In the light of the present investigation, following
conclusions can be drawn:
 The dusty ﬂuid velocity is higher than the dust particles
velocity for all effects of this problem.
 The velocity and temperature proﬁles strictly decrease for
increasing F and Bi.
 An increase in Kr decreases the velocity and concentration
proﬁles.
 The velocity proﬁles enhance for increasing the K, Gr and
Gc but they decrease for increasing M.
 Higher values of aT decrease the heat transfer while the
trend is reversed for aC.
 The velocity proﬁles of all physical parameters decrease at
the wavy wall.
The thermal radiation and convective boundary condition
have more signiﬁcant effect on the dusty ﬂuid ﬂow in the irreg-
ular porous channel.
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Appendix A.N ¼ 1
K
þM2; b1 ¼ b2 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
KrSc
p
; b3 ¼ b4 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
aT þ F
p
;
b5 ¼ b6 ¼
ﬃﬃﬃﬃ
N
p
; b7 ¼ b8 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðKr  nÞSc
p
;
b9 ¼ b10 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
aT þ F npr
p
; b11 ¼ b12 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N n
1þ nE
r
;
A1 ¼ e
b2h
eb1eb2h  eb1heb2 ; A2 ¼
eb2
eb2eb1h  eb2heb1 ;
A3 ¼ A1aC
b21  ðaT þ FÞ
; A4 ¼ A2aC
b22  ðaT þ FÞ
;
A5 ¼ A3ðBi  b1Þ eb1eb4h  eb1heb4
 
þ A4ðBi  b2Þ eb2eb4h  eb2heb4
  Bieb4h;
A5 ¼ ðA5Þ= ðb3  BiÞ eb3eb4h  eb3heb4
  
;
A6 ¼ A3ðBi  b1Þ eb1eb3h  eb1heb3
 
þ A4ðBi  b2Þ eb2eb3h  eb2heb3
 
Bie
b3h; A6 ¼ ðA6Þ= ðb4  BiÞ eb4eb3h  eb4heb3
  
;
A7 ¼ ðA1Gc þ A3GrÞ
b21 N
; A8 ¼ ðA2Gc þ A4GrÞ
b22 N
;A9 ¼ ðA5GrÞ=ðb23 NÞ; A10 ¼ ðA6GrÞ=ðb24 NÞ;
A11 ¼ A7 eb1eb6h  eb1heb6
 þ A8 eb2eb6h  eb2heb6 
þ A9 eb3eb6h  eb3heb6
 þ A10 eb4eb6h  eb4heb6 ;
A12 ¼ A7 eb1eb5h  eb1heb5
 þ A8 eb2eb5h  eb2heb5 þ
A9 e
b3eb5h  eb3heb5 þ A10 eb4eb5h  eb4heb5 ;
A11 ¼ A

11
eb5eb6h  eb5heb6 ;A12 ¼
A12
eb6eb5h  eb6heb5 ;
A13 ¼ e
b8h  eb8
eb7eb8h  eb7heb8 ;A14 ¼
eb7h  eb7
eb8eb7h  eb8heb7 ;
A15 ¼ A13aC
b27  aT  Fþ nPr
;A16 ¼ A14aC
b28  aT  Fþ nPr
;
A17 ¼ A15ðBi  b7Þðeb7eb10h  eb7heb10Þ
þ A16ðBi  b8Þ eb8eb10h  eb8heb10
   Bi eb10h  eb10 ;
A17 ¼ ðA17Þ= ðb9  BiÞ eb9eb10h  eb9heb10
  
;
A18 ¼ A15ðBi  b7Þ eb7eb9h  eb7heb9
 
þ A16ðBi  b8Þ eb8eb9h  eb8heb9
  Bi eb9h  eb9 ;
A18 ¼ ðA18Þ= ðb10  BiÞ eb10eb9h  eb10heb9
  
;
A19 ¼ ðA13Gc þ A15GrÞð1þ nEÞb27 N n
;A20 ¼ ðA14Gc þ A16GrÞð1þ nEÞb28 N n
;
A21 ¼ A17Grð1þ nEÞb29 N n
;A22 ¼ A18Grð1þ nEÞb210 N n
;
A23 ¼ A19 eb7eb12h  eb7heb12
 þ A20 eb8eb12h  eb8heb12 þ
A21 e
b9eb12h  eb9heb12 þ A22 eb10eb12h  eb10heb12 ;
A24 ¼ A19 eb7eb11h  eb7heb11
 þ A20 eb8eb11h  eb8heb11 þ
A21 e
b9eb11h  eb9heb11 þ A22 eb10eb11h  eb10heb11 ;
A23 ¼ ðA23Þ= eb11eb12h  eb11heb12
 
;
A24 ¼ ðA24Þ= eb12eb11h  eb12heb11
 
:
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